Thermal transport properties at the metal/MoS 2 interfaces are analyzed by using an atomistic phonon transport model based on the Landauer formalism and first-principles calculations.
I. INTRODUCTION
Transition-metal dichalcogenides (TMDs) have emerged as key candidates for the beyondgraphene, two-dimensional (2D) or van der Waals crystals due to their distinctive electrical, optical, and thermal properties. 1, 2 In each case, the bulk material is formed by a stack of 2D monolayers through the weak van der Waals interactions as in graphene, while the intralayer binding is much stronger. For instance, monolayer of molybdenum disulfide (MoS 2 )−a prototypical example−consists of one Mo plane sandwiched between two S planes via the covalent bonding that is arranged in a trigonal prismatic network. 2 Consistent with its diatomic nature, MoS 2 exhibits a non-zero energy gap whose magnitude depends on the layer thickness. [2] [3] [4] Successful fabrication of a transistor with a large on/off ratio (as high as 10 8 owing to the large gap) 5 has made this material an early focus of investigation among the TMDs.
As in the metal/graphene (metal/Gr) cases, it was recently found that the metal/MoS 2 interfaces can be classified into two categories−physisorption and chemisorption. 6, 7 The former generally has a smaller binding energy and a larger interfacial separation than the latter. Since the contacts with metallic electrodes comprise a crucial component of the high-performance electronic devices, considerable efforts have been devoted to investigate the electrical transport properties of the metal/MoS 2 structures. 8, 9 In comparison, thermal transport has received much less attention. Nonetheless, the impact of efficient heat transfer on the operation of 2D crystal devices is significant when considering the inevitable presence of heterogeneous interfaces and subsequent joule heating in the layered structures.
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Accordingly, a comprehensive understanding of thermal properties at the interface with the metallic contacts is crucial from the perspective of both fundamental low-dimensional physics and practical applications of this emerging material system.
In this paper, we present a detailed theoretical analysis of interfacial thermal resistance in the metal/MoS 2 system via phonon transport. The sample structures are chosen to reflect the range of typical interfaces from chemisoprtion to physisorption. For an atomistic description of lattice dynamics at the interface, our theoretical approach adopts a first-principles method based on density functional theory (DFT) and density functional perturbation theory (DFPT). 13, 14 Then the phonon/thermal transport characteristics are determined via the Green's function techniques [15] [16] [17] in the Landauer formalism. 18 The calculation results are examined in terms of interfacial microstructures and force constants to identify the key contributors to the disparate thermal properties at the considered interfaces. Comparison is also made with those of the corresponding graphene based structures.
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II. THEORETICAL MODEL
Thermal conduction across the heterogeneous metal/MoS 2 interface is characterized by the interfacial resistance or the so-called Kapitza resistance. 20, 21 In the phonon transport calculation, we consider a three parted system where the central interface region (i.e., the region of interest) is connected to the thermal reservoirs on the left and the right with two semi-infinite leads (labeled L and R), often known as the lead-conductor-lead configuration. 17, 22 In the nanoscale, the Kapitza resistance can be evaluated by extending the Landauer formalism for electrons to phonons. Then, the thermal current density can be written as
where n(T L,R , ω) is the equilibrium Bose-Einstein distribution for phonons,
is the temperature in the left or right thermal reservoir, and T ph (ω) is the phonon transmission function through the structure. In the limit of small ∆T , the phonon contribution to the thermal conductance κ ph (T ) = J(T )/∆T is then given by
The thermal resistance (normalized to the cross-sectional area of the interface) is then obtained by inverting Eq. (2) . The phonon transmission function T ph (ω) can be calculated by adopting a real-space Green's function approach, similar to the one used for electronic transport. 17 In particular, one can take advantage of the following analogy between the electronic and phononic systems: E el I ↔ ω 2 M ph and H el ↔ K ph . Here H el and E el are the Hamiltonian and the eigen-energy in the electronic system, whereas K ph and M ph denote the matrix of the interatomic force constants (IFCs) and the diagonal matrix corresponding to the mass of the atoms. 14, 23 Additionally, I symbolizes the identity matrix and ω the phonon frequency. Further details on the theoretical formulation can be found in Refs. 23 and 19. In the present treatment, the IFCs (thus, K ph ) are calculated fully from the first principles within the DFT/DFPT framework that allows accurate consideration of the microscopic geometry as well as the chemical and electronic modification at the interface without resorting to phenomenological or ad hoc models. 13, 23 Specifically, the QUANTUM-ESPRESSO package 24 is used with ultrasoft pseudopotentials in the generalized gradient approximation (GGA). A semiempirical van der Waals force correction is also added to the density functional calculation (GGA+D) to obtain more accurate interlayer distances. 25, 26 It has been verified that the GGA+D routine provides the optimal results for layered MoS 2 structures in comparison to other approaches such as the nonlocal exchange-correlation functional treatment and the local density approximation. 27 A minimum of 50 Ry is used for the energy cut-off in the plane wave expansion along with the charge truncation of 600 Ry. In addition,
the Methfessel-Paxton first-order spreading with the smearing width of 0.01 eV is employed.
The momentum space is sampled on a 6×6×2 Monkhorst-Pack mesh in the first Brillouin zone. The realistic interface structures are obtained through geometry optimization, where the total energy and atomic force are minimized. The energy convergence threshold is chosen at 10 −8 Ry and the maximum forces acting on each atom is relaxed below 10 −4 Ry.
III. RESULTS AND DISCUSSION
In order to achieve the maximum orbital overlap (i.e., a good electrical contact), it is highly desirable to minimize the lattice constant mismatch between the metallic material and MoS 2 . In addition, the work function of metal species must be close to that of the conduction band minimum or the valence band maximum for a small Schottky barrier, although the Fermi-level pinning may affect the final barrier height. Since the total resistance of the structure contains the contribution from the leads as well, the intrinsic thermal resistance at the junction is deduced by subtracting this portion in a manner analogous to electrical transport. 16 The results exhibit the 1/T dependence in the low temperature region, while staying almost invariant between 200 K and 450 K. with the largest resistance even though it is supposed to be chemisorption albeit weakly.
The physisorbed Au/MoS 2 is actually placed in between the Pd/MoS 2 and the (strongly) chemisorbed cases. A similar feature was reported in the Pd/Gr structure earlier.
19
Considering their seeming resemblance, a detailed comparison between the metal/MoS 2 and metal/Gr systems could provide an insight into the lattice dynamics at the 2D crystal heterojunctions. The most crucial finding is that the metal/MoS 2 interfaces exhibit considerably larger resistances than the metal/Gr counterparts. For instance, Ni/Gr that is a typical chemisorbed metal/Gr interface can reach a low thermal resistance of 3.9 × 10 In this regard, the case of metal-S-Mo 2 is analogous to the hydrogen terminated SiC on graphene (SiC-H/Gr), where the H adatoms provides an additional scattering mechanism.
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On the other hand, the conditions are much more straightforward in the metal/Gr cases, with only the metal/carbon interaction at the interface; the phonons experience only a single alteration in terms of mass (from 58.69 u to 12.01 u for Ni/Gr).
Analyzing the impact of the second factor (i.e., the IFCs), Fig In the case with Au or Pd, the physical picture appears to be somewhat different. Our calculation as summarized in Table I indicates that the Au/MoS 2 and Pd/MoS 2 contacts exhibit interfacial force constants similar to the corresponding Au/Gr and Pd/Gr cases. In fact, those with MoS 2 are slightly larger than the graphene counterparts. More specifically, the three-plane structure with heavy atoms, the mass disorder introduced by the light-massed sulfur plane as well as the different bonding forces at the interface, all contribute to phonon scattering and subsequently a large interfacial thermal resistance. As these features are not unique to MoS 2 , other TMDs are expected to be similarly resistive in heat transfer when interfaced with a metal. Thermal Resistance (10 -10 
